A widely used polarizer in the IR is the wire-grid polarizer. Wire-grid polarizers with a typical minimal wire spacing of ϳ0.25 mm perform well in the middle IR and the far IR, but in the near IR the performance deteriorates as the wavelength approaches the wire spacing. A possibility for improving this performance is to put two wire grids in tandem with their transmission axes parallel. Starting with the extended Mueller matrix description for a single wire grid, we present a mathematical treatment of this tandem polarizer showing that performance improves quadratically; e.g., a single polarizer extinction ratio of 100 increases to a tandem extinction of 10,000. The improved performance is also verified experimentally.
Several types of polarizer may be used to polarize IR light. In the widest use are the Rochon, Brewster, and wire-grid polarizers, each associated with specific advantages and disadvantages. Rochon polarizers, coming from the class of birefringent polarizers, have a very good attenuation coefficient (a ഠ 10 25 ) but have a small angle of acceptance and are usable only in the near IR because most birefringent materials become opaque for wavelengths greater than 5 mm. Brewster polarizers, from the class of reflection polarizers, perform well over a wide wavelength range, but their disadvantages are that the acceptance angle is very small, the Brewster angle changes with wavelength, and the collinearity of the incident and outgoing beam is disturbed. Wire-grid polarizers, from the class of dichroic polarizers, on the other hand, do not suffer these disadvantages in acceptance angle, dispersion, and collinearity disturbance but perform poorly in the near IR (10 22 , a , 10 21 ). To improve the wire-grid performance, we have investigated the possibility of placing two wire grids in tandem. The fundamental features of this approach were recently reported, 1 and in this Letter we want to put forward two new features. First we extend our Mueller matrix approach to the case of a small misalignment of the two polarizers. Furthermore, we report results from experiments confirming the increased performance of tandem polarizers.
A wire-grid polarizer generally consists of a substrate that is transparent over a large wavelength range, covered with a grid of evenly spaced conducting wires. For wavelengths larger than the wire spacing the component of the incident light parallel to the wires is strongly absorbed, whereas the perpendicular component passes unaffected. When the wavelength decreases to the order of the wire spacing, a substantial part of the parallel component is able to pass without being absorbed. In this case the polarizer may be regarded as a partial polarizer with an attenuation coefficient a that reflects the quality of the polarizer. In the Mueller formalism, which is better suited to deal with partially polarized light than is the Jones formalism, the partial polarizer is described by a matrix 2 :
1 2 2 6 6 6 4
The attenuation coefficient a is defined as the ratio of minimum and maximum transmittances; thus a 0 and a 1 describe a perfect polarizer and a nonpolarizing component, respectively. Another widely used measure for the quality of a polarizer is the extinction ratio. This extinction ratio e, defined as the ratio of the transmittance of two polarizers with transmission axes parallel and the transmittance of two polarizers with transmission axes perpendicular, is related to the attenuation coefficient by
Now this description of the wire-grid polarizer needs to be extended because, as Stobie and Dignam 3 calculated, the grid introduces a phase difference between the transmitted and attenuated components. To account for the phase difference, we multiply matrix (1) by a Mueller matrix for a retarding component with a retardation d and with the fast axis parallel to the transmission axis of the polarizer. In that case it does not matter whether the retarder is in front of or behind the polarizer. Multiplication leads to the matrix 1 2 2 6 6 6 4
Stobie and Dignam showed that the attenuated component lags the transmitted component by a typical value of 90
± . The exact value of the phase difference depends on the ratio of the wire thickness to the wire 0146-9592/95/070800-03$6.00/0 © 1995 Optical Society of America spacing and on the wavelength of the incident light, but it is within 10% of this value in any usable region of the spectrum. Experimental support for the phase difference is gained by placement of a wiregrid polarizer between two MgF 2 Rochon polarizers. The angles relative to the first Rochon are 45 ± for both the wire-grid and the second Rochon polarizer. With this starting point the second Rochon is rotated in steps, and for each step the spectrum in the near IR is measured. From a cross section through these spectra at a fixed wave number 4 the Fourier coefficients, and hence the phase difference D, may be determined. Repeating this for all wave numbers, we obtain the results shown in Fig. 1 .
To improve the performance of wire grids, we investigate the use of two such polarizers in tandem. Mathematically this means that we multiply two matrices of the kind of matrix (3). If we assume that the transmission axes are parallel, it is not necessary to rotate the coordinate basis of either of the polarizers. Multiplication then yields 
Comparison of matrix (3) with matrix (4) shows that the single polarizer and the tandem polarizer are similar in appearance except for the attenuation coefficient a and the retardation d; a appears to be squared, whereas d is doubled. Thus the quality of the polarizer appears to have improved quadratically; e.g., two polarizers with an attenuation coefficient of 0.01 will make a tandem polarizer with an attenuation coefficient of 0.0001. We also want to investigate whether this improvement in performance is sensitive to misalignment of the transmission axes of the two polarizers. Therefore we introduce the alignment-error angle f, and we can write the Mueller matrix for the misaligned tandem polarizer as
where R is the rotation matrix 2 necessary to rotate the eigencoordinate system of the first polarizer and M a d is matrix (3) . We can calculate the resulting attenuation coefficient and transmission-axis azimuth by solving the eigenvalue problem 5, 6 for this misaligned tandem polarizer. The attenuation coefficient a is then the eigenvalue of the attenuated eigenvector, with the azimuth of the transmission axis deduced from the orientation of the transmitted eigenvector. As might be expected on symmetry grounds, the attenuation coefficient is only in second order dependent on the alignment error (Fig. 2) , whereas the transmission azimuth is relatively insensitive to changes in the alignment error.
An illustration of the improvement in performance is given in Fig. 3 . We obtain the data by placing a high-quality polarizer (MgF 2 Rochon, a ഠ 10 25 ), considered to be perfect, behind a spectrometer. Behind the Rochon polarizer we put the wire-grid polarizer we want to investigate. We now measure the transmitted spectrum in a situation in which the Rochon polarizer and the polarizer under investigation are crossed and a situation in which they are parallel. The ratio of these two measurements then essentially yields the attenuation coefficient. Figure 3 shows the results of such a measurement for a tandem wire grid and the squared results for a single wire grid. The two curves are similar in appearance, although the curve for the tandem wire grid is systematically higher than the curve for the squared single wire grid. This small difference can be attributed to nonlinear behavior of the detection system. Note that, below 3000 cm 21 , the curve for the tandem polarizer starts to rise. This is caused by the Rochon prism material, which becomes less and less birefringent as the wave number approaches the cutoff wave number of MgF 2 at 2000 cm 21 . Furthermore, it should be noted that a possible polarization sensitivity of the detector does not affect the measured values of the attenuation coefficient of the wire-grid polarizers. Because the first Rochon polarizer may be considered perfect, only one polarization state is present in the optical system, i.e., a linear polarization state parallel to the transmission axis of the Rochon polarizer. The fixed position of the detector relative to the Rochon polarizer ensures that for both positions of the investigated wire grid (90 ± and 0 ± relative to the fixed polarizer), the intensity present in the linear polarization state is affected in the same way by a detector polarization. The ratio of the two intensities is thus independent of the detector polarization and is equal to the attenuation coefficient.
Concluding, we may say that the Mueller description for a wire-grid polarizer has been extended to contain a phase difference between the transmitted and the attenuated components of the passing light. Furthermore, it was shown theoretically that the performance of wire grid polarizers can be improved drastically by placement of two of them in tandem and that this improvement is not very sensitive to misalignment of the two polarizers. This improved performance has been established by experiment.
